The Survival of Motor Neurons (SMN) protein, the product of the spinal muscular atrophy-determining gene, is part of a large macromolecular complex (SMN complex) that functions in the assembly of spliceosomal small nuclear ribonucleoproteins (snRNPs). Using cell extracts and purified components, we demonstrated that the SMN complex is necessary and sufficient to mediate the ATP-dependent assembly of the core of seven Sm proteins on uridine-rich, small nuclear ribonucleic acids (U snRNAs). In vitro experiments revealed strict requirements for ordered binding of the Sm proteins and the U snRNAs to the SMN complex. Importantly, the SMN complex is necessary to ensure that Sm cores assemble only on correct RNA targets and prevent their otherwise promiscuous association with other RNAs. Thus, the SMN complex functions as a specificity factor essential for the efficient assembly of Sm proteins on U snRNAs and likely protects cells from illicit, and potentially deleterious, nonspecific binding of Sm proteins to RNAs.
The Survival of Motor Neurons (SMN) protein, the product of the spinal muscular atrophy-determining gene, is part of a large macromolecular complex (SMN complex) that functions in the assembly of spliceosomal small nuclear ribonucleoproteins (snRNPs). Using cell extracts and purified components, we demonstrated that the SMN complex is necessary and sufficient to mediate the ATP-dependent assembly of the core of seven Sm proteins on uridine-rich, small nuclear ribonucleic acids (U snRNAs). In vitro experiments revealed strict requirements for ordered binding of the Sm proteins and the U snRNAs to the SMN complex. Importantly, the SMN complex is necessary to ensure that Sm cores assemble only on correct RNA targets and prevent their otherwise promiscuous association with other RNAs. Thus, the SMN complex functions as a specificity factor essential for the efficient assembly of Sm proteins on U snRNAs and likely protects cells from illicit, and potentially deleterious, nonspecific binding of Sm proteins to RNAs.
Nuclear pre-mRNA splicing, the process of removal of introns from pre-mRNAs, is an essential aspect of eukaryotic mRNA biogenesis that is carried out by the spliceosome. The snRNPs U1, U2, U4/U6, and U5 are essential and major components of the spliceosome. Each snRNP consists of one U snRNA molecule, a common core comprising a ring of seven Sm proteins, and several snRNP-specific proteins (1) . The process of snRNP biogenesis, which occurs in the cytoplasm, requires the assembly of the Sm proteins on the Sm site, which is a uridine-rich sequence present in the U snRNAs, to form the Sm core (2) . A properly assembled Sm core and the hypermethylated 5Ј cap are both required to recruit the import receptors necessary for snRNP translocation into the nucleus (1, (3) (4) (5) (6) . Once in the nucleus, snRNPs associate with specific proteins that are unique to each snRNA, and function in premRNA splicing. SnRNP assembly readily occurs in vitro from purified snRNP proteins and U snRNAs (7) (8) (9) . This assembly reaction does not require ATP or non-snRNP factors. However, snRNP assembly in extracts of mammalian cells or Xenopus laevis eggs requires ATP hydrolysis (10, 11) . Considerable data reveal that a large macromolecular complex containing the Survival of Motor Neurons (SMN) protein is required for snRNP assembly (11) (12) (13) (14) . SMN is the product of the spinal muscular atrophy (SMA)-determining disease gene (15) . Reduced levels of SMN protein result in SMA, a common neurodegenerative disease of the motor neurons (16, 17) . The SMN protein is associated with Gemin2, Gemin3, Gemin4, Gemin5, Gemin6, and Gemin7 in a large complex that localizes both in the cytoplasm and the nucleus (18) (19) (20) (21) (22) (23) (24) . Although its role in snRNP assembly is better characterized, the SMN complex likely functions in the assembly and/or restructuring of several ribonucleoprotein particles including small nucleolar RNPs (snoRNPs) and the machineries that carry out transcription and pre-mRNA splicing (25) . Despite advances in the characterization of the interactions and functions of the SMN complex, mechanistic insights into the molecular functions of the SMN complex in snRNP assembly have been lacking.
Using experiments in HeLa cell extracts, we showed that the SMN complex is necessary for snRNP assembly of all the major Sm sitecontaining U snRNAs and that this requires ATP hydrolysis (figs. S1 and S2). We therefore asked whether the SMN complex is not only necessary but also sufficient to mediate snRNP assembly. To do so, we tested the ability of purified SMN complexes to assemble Sm cores. Native SMN complexes were purified from cell lines expressing FLAG-tagged SMN or Gemin2 (23) by affinity chromatography on anti-FLAG beads and eluted with excess of the FLAG peptide (Fig. 1A) (26) . SMN complexes purified from both FLAG-SMN and FLAGGemin2 cell lines are identical in composition and, at moderate salt concentrations, also contain Sm proteins (23) . Purified SMN complexes were analyzed for their capacity to form Sm cores on the major Sm site U snRNAs. Through use of native gel electrophoresis under stringent conditions (7, 8) , we demonstrated that the SMN complex mediates snRNP assembly of Sm site-containing U snRNAs (Fig. 1B) . The formation of Sm cores was confirmed by immunoprecipitation of the U snRNAs from assembly reactions with anti-Sm antibodies (27) . ATP, but not ATP hydrolysis, is required for SMN complex-mediated Sm core assembly of U1 snRNA (Fig. 1C) . These results demonstrate that a purified SMN complex containing the Sm proteins is necessary and sufficient to mediate the ATP-dependent assembly of snRNPs.
Sm core assembly can be reconstituted in vitro using purified total snRNP proteins (TPs) and in vitro-transcribed U snRNAs (7) (8) (9) . The process of snRNP assembly with TPs is ATPindependent and does not require non-snRNP factors. We analyzed the effect of purified SMN complexes in the Sm core assembly with TPs. For these experiments, SMN complexes were purified under high salt conditions (500 (26) . TPs were purified according to standard procedures as described ( Fig. 2B) (7, 26) . In vitro-transcribed [ 32 P]uridine triphosphate (UTP)-labeled U snRNAs were incubated with either purified SMN complexes or TPs, and formation of RNP complexes was analyzed by electrophoresis on native polyacrylamide gels. TPs efficiently assemble the Sm cores on the major Sm site-containing U snRNAs (U1, U2, U4, and U5), but not on U1⌬Sm or U6 (Fig. 2C ). After incubation of TPs with U1 snRNA, several complexes were detected that contain U1 snRNA bound to U1A, the Sm core and U1A, and the Sm core together with the U1-specific proteins U1A and U1 70K ( Fig.  2C) (7, 11) . Only the U1A-containing complex forms on U1⌬Sm. Under the stringent conditions of gel electrophoresis employed here, purified SMN complexes do not form stable complexes with U snRNAs, and only the U1A-containing complex on U1 is detected (Fig.  2C ). We then analyzed the effect of adding purified SMN complexes together with TPs and U snRNAs. Purified SMN complexes inhibit snRNP assembly on U snRNAs, but not the interaction of U1A with U1 snRNA (Fig. 2C ). These experiments demonstrate that, under these experimental conditions, the SMN complex inhibits the spontaneous assembly of TPs on U snRNAs.
In the above experiments ( Fig. 2C ), all the components were added at the same time. We performed order-of-addition experiments to test whether the SMN complex prevents the (26) . Reactions were analyzed by electrophoresis on native polyacrylamide gels. The identity of the RNP complexes is indicated. The asterisk marks complexes that migrate close to the origin of the gel and may contain both U snRNAs and the SMN complex. (C) Purified SMN complexes from the FLAG-Gemin2-expressing cells were incubated with in vitro-transcribed [ 32 P]UTP-labeled U1 snRNA for 45 min at 30°C in the absence or in the presence of 2.5 mM ATP or AMP-PNP as indicated. Reactions were analyzed by electrophoresis on native polyacrylamide gels. U1 snRNA complexes containing U1A or the Sm core and U1A are indicated. were affinity-purified from total extracts of a stable cell line expressing FLAG-Gemin2 or the parental cell line (Tet-ON), by using the highsalt wash procedure as described (23, 26) . Bound proteins were eluted with 3ϫ FLAG peptide and analyzed by SDS-PAGE and silver staining. Molecular weight markers and known proteins are indicated. (B) Total snRNP proteins (TPs) were purified as described and analyzed by SDS-PAGE and silver staining (7, 26) formation of the snRNP core or causes its disassembly. Once the Sm cores form by first incubating U snRNAs and TPs, addition of SMN complexes to the assembly reaction does not dissociate them (27) . The Sm core also did not form when SMN complexes were preincubated with U snRNAs before TPs were added to the reaction (27) . We then tested the possibility that Sm core assembly requires the interaction of the SMN complex with the Sm proteins before that with U snRNAs. Purified SMN complexes bound to anti-FLAG beads were preincubated with either buffer or an excess of TPs to allow Sm protein binding to the SMN complex. Unbound proteins were washed away, and the SMN complexes were eluted with FLAG peptides and analyzed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Immobilized SMN complexes bound efficiently all Sm proteins and some U1A but not U170K (Fig. 2D) . None of these proteins bound to beads containing nonspecific proteins as a control (27) . The proteins shown in Fig. 2D were tested for snRNP core assembly in vitro. SMN complexes prebound to Sm proteins were able to mediate Sm core formation on U snRNAs (Fig. 2, E and F) . SMN complexes prebound to Sm proteins formed several U1A-and Sm core-containing complexes on U1 snRNA (Fig. 2E) . Consistent with the lack of U1 70K association with the SMN complex, the corresponding complex was not formed. Therefore, in a purified in vitro system, such as in HeLa extracts ( fig. S2) , only Sm proteins bound to SMN complexes can mediate snRNP assembly on U snRNAs. These results indicate that the SMN complex imposes an ordered pathway of snRNP assembly that requires the association of Sm proteins with the SMN complex before recruitment of U snRNAs.
To further investigate the difference between snRNP assembly mediated by the SMN complex and that of purified snRNP proteins, we analyzed the kinetics of Sm core assembly on U1 and U1A3, a stem-loop 1 mutant that is impaired in binding to the SMN complex (28) . HeLa extracts efficiently assembled the Sm core on U1 but not on U1A3 (Fig. 3A) . U1A, which binds stem-loop 2 independent of the SMN complex, associated with both U1 and U1A3. These results indicate an absolute requirement for SMN complex interaction with U1 for snRNP assembly. In strong contrast, TPs do not discriminate between U1 and U1A3 because they assemble on both RNAs efficiently and with much faster kinetics than that of HeLa extracts (Fig. 3B) . To test directly whether the SMN complex is responsible for the discrimination between U1 and U1A3 observed in HeLa extracts, we carried out assembly reactions with purified SMN complexes containing Sm proteins. Similar to HeLa extracts, the SMN complex mediated Sm core assembly on U1 but not on U1A3 (Fig. 3C) . These results point to a mechanistic difference in the assembly of snRNPs mediated by the SMN complex and by purified Sm proteins. The direct interaction of the SMN complex with U1 is required for U1 snRNP assembly and allows the discrimination between wild-type and mutant U1 snRNAs that do not bind SMN.
Several studies have demonstrated that Sm proteins are an evolutionarily conserved class of RNA binding proteins with high affinity for oligo-uridine stretches and form a thermodynamically stable heptameric core on the Sm site (7) (8) (9) (29) (30) (31) (32) (33) (34) . To explain why cells need the SMN complex if Sm proteins can spontaneously assemble Sm cores, we reasoned that in the complex cellular environment the affinity of Sm proteins for the Sm site may not be sufficient to ensure their specific binding only to the correct target RNAs. To analyze Sm core formation on U snRNAs in a complex mixture of RNAs, we incubated [ 32 P]-labeled total RNA from HeLa cells with HeLa extracts, TPs, or purified SMN complexes under snRNP assembly conditions. Immunoprecipitations using anti-Sm antibodies were used to retrieve RNAs that associated with Sm proteins. As expected, HeLa extracts specifically assembled Sm cores on U1, U2, U4, and U5 as well as on the snRNA components of the minor spliceosome, U11 and U12 (Fig. 3D) . The assembly requires the SMN complex because HeLa extracts depleted of SMN fail to assemble Sm cores on U snRNAs. Notably, purified Sm proteins (TPs) display neither efficient nor specific assembly with U snRNAs, because they associate also with other RNAs including 5S and 5.8S ribosomal RNAs and transfer RNAs (Fig. 3, D and E). In contrast, purified SMN complexes containing Sm proteins mediate the specific assembly of Sm cores on U1, U2, U4, and U5 snRNAs (Fig. 3E) . Together, these results demonstrate that the SMN complex is essential for the efficient and specific assembly of Sm proteins on Sm site-containing U snRNAs.
In vitro assembly experiments have shown that purified Sm proteins can form Sm cores not only on full-length U snRNAs but also on short oligonucleotides that compose the Sm site sequence (8) . In fact, the only requirement seems to be that the oligonucleotides be relatively rich in uridines (34) . This indicates that the Sm proteins have a high propensity for self-association and this readily manifests itself without much specificity in respect to the RNA substrate. Thus, in physiological systems, there would be a need to control the Sm proteins and prevent their illicit assembly on RNAs other than the specific U snRNA targets. Adventitious binding of Sm proteins to RNAs would be deleterious to cells, because it would interfere with the functions of these RNAs. Our findings suggest that a key function of the SMN complex is to ensure the specificity of interaction of Sm proteins and restrict it exclusively to intended RNAs. To accomplish this, the SMN complex binds the Sm proteins so that there is no free pool of Sm proteins competent for assembly outside of the SMN complex, and it provides stringent control over RNA target selection by binding directly to specific sequences that are found in U snRNAs (28, 35) . This ensures the delivery of Sm proteins for assembly only on the appropriate RNAs, and the assembly can then occur on the adjacent Sm site through the intrinsic capacity of the Sm proteins for self-association. In addition to its critical role in ensuring the specificity of snRNP assembly, the SMN complex also likely enhances the efficiency of the Sm core assembly process by reducing the dimensionality of diffusion of the newly synthesized Sm proteins and the U snRNAs in the complex microenvironment of the cell. Our view of the snRNP assembly pathway is depicted in Fig. 4 . This model also illustrates the ordered steps in the pathway suggested by the in vitro assembly experiments with purified SMN complexes.
The observations we report here on the function of the SMN complex as an ATPdependent macromolecular machine (an "assemblyosome") responsible for the assembly of snRNPs provoke several thoughts on the parallels between this complex and other cellular machineries and on the molecular events that may underlie the pathology of SMA. A strong similarity can be drawn between the function of the SMN complex in the assembly of large RNP complexes and the role of chaperones in protein folding. Although the three-dimensional folding of proteins is specified by their amino acid sequence, this information is not sufficient to ensure that protein folding will occur in cells fast enough and with complete accuracy (36, 37) . In much the same way as protein folding can take place unaided in vitro, in cells this process uses molecular chaperones to assist proteins to rapidly attain their correct native conformations. Indeed, biological systems invest considerable energy to facilitate protein folding and prevent the accumulation of misfolded proteins, because these proteins could have undesirable properties and may tend to form aggregates that are harmful to cells. We envision that the SMN complex plays a similar role for large RNP complexes in cells. Protein misfolding, like the presence of expanded polyglutamine stretches in proteins, can result in formation of microaggregates and lead to neurodegenerative diseases (38) (39) (40) . The molecular consequences of reduced SMN levels in motor neurons, as is the case in SMA patients, are not known. It is possible that deficiency in SMN results in less efficient assembly of snRNPs and other RNPs, but it is also possible that it leads to formation of aberrant RNPs as a result of nonspecific binding of Sm proteins to critical RNAs and that this contributes to the pathophysiology of SMA. Fig. 4 . A schematic model depicting the ordered pathway of snRNP assembly mediated by the SMN complex. Newly translated Sm proteins are captured by the 6S pICln complex (not shown) and by the 20S methylosome which modifies specific arginines in the RG domains of several of the Sm proteins to symmetrical di-methylarginines (sDMA) (41) (42) (43) . This converts the modified proteins to highaffinity substrates for the SMN complex. Whereas SMN itself interacts directly with the sDMA-modified domains of the Sm proteins (44, 45) , the Sm-SMN complex interaction is further stabilized by the interaction of several of the other protein components of the SMN complex, including Gemin3, Gemin4, Gemin5, Gemin6, and Gemin7, with Sm proteins (20) (21) (22) (23) (24) . For simplicity, Gemin6, Gemin7, and the U1 snRNPspecific proteins U1A, U170K, and U1C are not shown. The association of Sm proteins with the SMN complex precedes the direct binding of the SMN complex to specific domains of U snRNAs (28, 35) . As depicted, stem and loop 1 of U1 snRNA is necessary and sufficient for the association with the SMN complex (28) . The SMN complex with bound Sm proteins is the active form for snRNP assembly, and this indeed accumulates in the cytoplasm poised to associate with newly exported U snRNAs and to mediate assembly of the Sm core.
